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OPTICAL TRANSMISSION SYSTEM,
CONTROL APPARATUS, OPTICAL
TRANSMISSION METHOD AND PROGRAM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a 371 U.S. National Phase of Interna-
tional Application No. PCT/JP2020/029193, filed on Jul. 30,
2020. The entire disclosure of the above application is
incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to an optical transmission
system, a control device, an optical transmission method,
and a program.

BACKGROUND ART

In an optical transmission system, distortion (deteriora-
tion) that occurs in signal waveforms in an optical trans-
mitter, a transmission line and an optical receiver may be
compensated for with digital signal processing. Accordingly,
signals can be transmitted at 100 Gb/s or higher. In addition,
the number of optical nodes provided in a long-distance
transmission line can be reduced. Furthermore, transmission
capacity can be increased by applying high multi-value
modulation, such as quadrature phase shift keying (QPSK),
16 quadrature amplitude modulation (16QAM), or 64
quadrature amplitude modulation (64QAM), to signals.

The performance of transmission is affected by transmis-
sion characteristics of signals in an optical transmitter and an
optical receiver. Therefore, an optical transmitter and an
optical receiver are required to have satisfactory transmis-
sion characteristics over a wide band in accordance with
increases in transmission capacity and multi-value modula-
tion. However, it is generally difficult to realize satisfactory
transmission characteristics over a wide band. Therefore,
signal waveforms that have deteriorated due to transmission
characteristics of signals in an optical transmitter and an
optical receiver are compensated for through digital signal
processing of the transmitter/receiver (refer to NPD1).

Transmission characteristics of signals in an optical trans-
mitter and an optical receiver are represented using a trans-
fer function. Deteriorated signal waveforms are compen-
sated for by applying a reverse characteristic of a
transmission characteristic to transmission characteristics of
signals through a compensation circuit of the transmitter/
receiver.

CITATION LIST
Non Patent Document

[NPD 1] Y. Fan, et al., “Overall frequency response
measurement of DSP-based optical transmitter using
built-in monitor photodiode,” Proceeding of ECOC
2016, Th2.P2.SC4 (2016).
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signal in advance in order to compensate for a deteriorated
signal waveform. Accordingly, transmission characteristics
of the signal in the optical transmitter become flat transmis-
sion characteristics from a low frequency region to the high
frequency region. Further, a digital signal processing circuit
of an optical receiver compensates for a deteriorated signal
waveform in accordance with transmission characteristics of
the signal in a transmission line and the optical receiver.

However, when the digital signal processing circuit of the
optical transmitter has emphasized the high frequency
region of the signal, rising of the signal waveform becomes
steep and the overshoot of the signal waveform increases.
Accordingly, there were problems that a peak-to-average
power ratio (PAPR) of the signal waveform increased, and
the influence of signal waveform deterioration caused by
electronic noise and an electronic nonlinear response in the
optical transmitter and signal waveform deterioration caused
by optical noise in the optical transmitter and optical nodes
became significant.

In view of the above circumstances, an object of the
present invention is to provide an optical transmission
system, a control device, an optical transmission method,
and a program capable of reducing deterioration of signal
waveforms.

Solution to Problem

One aspect of the present invention is an optical trans-
mission system for transmitting a signal from an optical
transmitter to an optical receiver via at least a transmission
line among one or more optical nodes and the transmission
line, wherein the optical transmitter includes a digital filter
that compensates for, between ripple components that are
micro-fluctuating components in a frequency region repre-
senting a transmission characteristic of the signal in the
optical transmitter and the optical receiver and non-ripple
components of the transmission characteristic, at least the
ripple components of the transmission characteristic, and at
least one of the optical node and the optical transmitter
includes an optical filter that compensates for the non-ripple
components of the transmission characteristic.

One aspect of the present invention is a control device of
an optical transmission system for transmitting a signal from
an optical transmitter to an optical receiver via at least a
transmission line among one or more optical nodes and the
transmission line, the control device executing convolution
processing or averaging processing on a reverse character-
istic of a transmission characteristic of the signal in the
optical transmitter and the optical receiver to derive non-
ripple components of the reverse characteristic, controlling
an operation of an optical filter that compensates for non-
ripple components of the transmission characteristic on the
basis of the non-ripple components of the reverse charac-
teristic, deriving ripple components of the reverse charac-
teristic by removing the derived non-ripple components of
the reverse characteristic from the reverse characteristic, and
controlling an operation of a digital filter that compensates
for the ripple components of the transmission characteristic
on the basis of the ripple components of the reverse char-
acteristic.

One aspect of the present invention is an optical trans-
mission method executed by an optical transmission system
for transmitting a signal from an optical transmitter to an
optical receiver via at least a transmission line among one or
more optical nodes and the transmission line, including:
compensating for, by the optical transmitter, between ripple
components that are micro-fluctuating components in a
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frequency region representing a transmission characteristic
of the signal in the optical transmitter and the optical
receiver and non-ripple components of the transmission
characteristic, at least the ripple components of the trans-
mission characteristic, using a digital filter; and compensat-
ing for, by at least one of the optical node and the optical
transmitter, the non-ripple components of the transmission
characteristic using an optical filter.

One aspect of the present invention is a program for
causing a computer to serve as the aforementioned optical
transmission system.

Advantageous Effects of Invention

According to the present invention, it is possible to reduce
deterioration of signal waveforms.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram showing an example of a configura-
tion of an optical transmission system according to a first
embodiment.

FIG. 2 is a diagram showing an example of reverse
characteristics of signal transmission characteristics in an
optical transmitter and an optical receiver in the first
embodiment.

FIG. 3 is a sequence diagram showing an operation
example of the optical transmission system in the first
embodiment.

FIG. 4 is a diagram showing an example of evaluation
results of transmission performance in the first embodiment.

FIG. 5 is a diagram showing an example of a configura-
tion of an optical transmission system in a second embodi-
ment.

FIG. 6 is a diagram showing an example of a configura-
tion of an optical transmission system in a third embodi-
ment.

FIG. 7 is a diagram showing the intensity of a reverse
characteristic of a transmission characteristic, the intensity
of ripple components of the reverse characteristic, and the
intensity of non-ripple components of the reverse charac-
teristic in the third embodiment.

FIG. 8 is a diagram showing the intensity of the non-
ripple components of the reverse characteristic, a perme-
ation characteristic of a first variable optical filter, and a
permeation characteristic of a second variable optical filter
in the third embodiment.

FIG. 9 is a diagram showing an example of a configura-
tion of an optical transmission system in a fifth embodiment.

FIG. 10 is a diagram showing an example of a configu-
ration of an optical transmission system in a ninth embodi-
ment.

FIG. 11 is a diagram showing an example of a hardware
configuration of a control device.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will be described in
detail with reference to the drawings.

First Embodiment

FIG. 1 is a diagram showing an example of a configura-
tion of an optical transmission system 1a in a first embodi-
ment. The optical transmission system 1a is a system for
transmitting a signal using light. The optical transmission
system 1a includes an optical transmitter 2a, a transmission
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4

line 100, an optical node 3a, an optical receiver 4a, and a
control device 5a (control apparatus).

The optical transmitter 2a includes a transmission signal
processing unit 20, a DA converter 21 (digital-to-analogue
converter), an electric amplifier 22, an optical modulator 23,
and an optical amplifier 24.

The optical node 3a includes a variable optical filter 31.
The optical node 3a may further include an optical pream-
plifier 30 and an optical post amplifier 32.

The optical receiver 4a includes an optical amplifier 40,
a photodetector 41, an AD converter 42 (analog-to-digital
converter), and a reception signal processing unit 43. For a
signal for intensity modulation such as pulse amplitude
modulation (PAM), for example, a direct detector is used as
the photodetector 41. For a signal for complex amplitude
modulation such as quadrature amplitude modulation
(QAM), for example, a coherent detector is used as the
photodetector 41.

Next, the optical transmitter 2a will be described.

The transmission signal processing unit 20 is a functional
unit that executes digital signal processing according to
control of the control device 5a. The transmission signal
processing unit 20 generates an electrical signal that is
(digital) transmission data. The DA converter 21 converts
the electrical signal that is the transmission data into an
analog electrical signal. The electric amplifier 22 amplifies
the power of the analog electrical signal. The optical modu-
lator 23 generates a wavelength-multiplexed optical signal
by performing optical modulation processing on the ana-
logue electrical signal. The optical amplifier 24 amplifies the
power of the wavelength-multiplexed optical signal. The
optical amplifier 24 transmits the wavelength-multiplexed
optical signal to the optical node 3a via a transmission line
100-1 having an optical fiber.

Next, the optical node 3a will be described.

The optical preamplifier 30 receives a wavelength-multi-
plexed optical signal. The optical preamplifier 30 amplifies
the power (amplitude) of the wavelength-multiplexed opti-
cal signal. The optical preamplifier 30 may adjust the level
of the wavelength-multiplexed optical signal.

The wvariable optical filter 31 compensates for signal
waveform deterioration caused by signal transmission char-
acteristics in the optical transmitter 2¢ and the optical
receiver 4a using an optical filter. A permeation character-
istic (set value of the optical filter) of an optical signal in the
optical filter of the variable optical filter 31 is set by a control
device Sa.

The optical post amplifier 32 amplifies the power of the
wavelength-multiplexed optical signal. The optical post
amplifier 32 transmits the wavelength-multiplexed optical
signal to the optical receiver 4a via a transmission line 100-2
having an optical fiber or the like. The optical node 3a may
switch a path (wavelength channel) of the optical signal for
each wavelength of the wavelength-multiplexed optical sig-
nal.

Next, the optical receiver 4a will be described.

The optical amplifier 40 receives the wavelength-multi-
plexed optical signal from the optical post amplifier 32. The
optical amplifier 40 amplifies the power of the wavelength-
multiplexed optical signal. The optical amplifier 40 outputs
the wavelength-multiplexed optical signal to the photode-
tector 41. The photodetector 41 performs detection process-
ing on the wavelength-multiplexed optical signal. The pho-
todetector 41 outputs the detected signal (analog electrical
signal) to the AD converter 42.

The AD converter 42 (analog-to-digital converter) con-
verts the detected signal into a digital electrical signal. The
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AD converter 42 outputs the digital electrical signal to the
reception signal processing unit 43. The reception signal
processing unit 43 is a functional unit that executes digital
signal processing according to control of the control device
5a. The reception signal processing unit 43 generates (digi-
tal) reception data. The reception signal processing unit 43
transmits the reception data to a predetermined external
device (not shown).

Next, processing for compensating for a deteriorated
signal waveform (signal quality) will be described.

In the following description, a transmission characteristic
“H(f)” of signals in the optical transmitter 2a and the optical
receiver 4a is known. Here, “f” represents the frequency of
a signal.

A reverse characteristic “G(f)” of the transmission char-
acteristic “H(f)” is used to compensate for a deteriorated
signal waveform. The reverse characteristic “G(f)” is rep-
resented by formula (1).

[Math. 1]

L/H() f=/s/2

) M
G(f"{ 0 > fs/2

Here, “f;” represents a modulation frequency (baud rate)
of a signal.

FIG. 2 is a diagram showing an example of the reverse
characteristic “G(f)” of the transmission characteristic of
signals in the optical transmitter 2a and the optical receiver
da. Here, “IG(f)I*” represents the intensity (power spectrum)
of the reverse characteristic “G(f).” The reverse character-
istic “G(f)” is composed of fine structure components (here-
inafter referred to as “ripple components”) “J(f)” caused by
signal reflection occurring inside the optical transmitter 2a
and inside the optical receiver 4a and non-fine structure
components (hereinafter referred to as “non-ripple compo-
nents”) “K(f)” caused by a low-pass type transmission
characteristic. That is, the reverse characteristic “G(f)” is
represented as “G(f)=J(f)xK(f).”

The control device 5a derives ripple components “J(f)” of
the reverse characteristic “G(f)” and non-ripple components
“K(f)” of the reverse characteristic “G(f).” The control
device 5a derives a setting value of a digital filter (shape
information of the digital filter) of the transmission signal
processing unit 20 such that the transmission signal pro-
cessing unit 20 provides the ripple components “J(f)” to the
digital electrical signal. The control device Sa transmits the
setting value of the digital filter to the transmission signal
processing unit 20.

The control device 5a derives a setting value of the optical
filter of the variable optical filter 31 such that the transmis-
sion signal processing unit 20 provides the non-ripple com-
ponents “K(f)” to transmission characteristics of signals.
The control device 5a outputs the setting value of the optical
filter to the variable optical filter 31. Accordingly, it is
possible to compensate for signal waveform deterioration
caused by transmission characteristics of signals in the
optical transmitter 2a and the optical receiver 4a.

Since the setting value of the digital filter for compensat-
ing for ripple components is set in the digital filter of the
transmission signal processing unit 20 in this manner, an
electrical signal in which a high frequency component has
not been emphasized is input to the electric amplifier 22.

Further, since the setting value of the optical filter for
compensating for non-ripple components is set in the optical
filter of the variable optical filter 31, an optical signal in
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6

which a high frequency component has not been emphasized
is input to the optical post amplifier 32.

Accordingly, the peak-to-average power ratio (PAPR) of
the electrical signal does not easily increase. Similarly, the
peak-to-average power ratio of the optical signal does not
easily increase. Therefore, the influence of signal waveform
deterioration caused by electrical noise applied to an analog
electrical signal by the electric amplifier 22 and optical noise
applied to an optical signal by the optical post amplifier 32
(optical amplifier) is reduced.

Next, an operation example of the optical transmission
system la will be described.

FIG. 3 is a sequence diagram showing an operation
example of the optical transmission system la according to
the first embodiment. The control device 5a transmits a
training signal transmission instruction to the optical trans-
mitter 2a (S101). The optical transmitter 2g transmits a
predetermined training signal to the optical node 3a on the
basis of the training signal transmission instruction (S102).
The optical transmitter 2a notifies the control device 5a that
transmission of the training signal is started (step S103).

The control device 5a transmits an instruction (capture
instruction) for acquiring the training signal (reception sig-
nal) to the optical receiver 4a (step S104). The optical
receiver 4a acquires the training signal on the basis of the
instruction for acquiring the training signal (step S105). The
optical receiver 4a transmits information of the training
signal to the control device 5a (step S106).

The control device 5a derives a transmission character-
istic of the training signal in the optical transmitter 2a and
the optical receiver 4a on the basis of the information of the
training signal. The control device 5a derives a reverse
characteristic “G(f)” of the transmission characteristic of the
training signal. The control device 5a derives non-ripple
components “K(f)” of the reverse characteristic “G(f).” The
control device 5a may derive the intensity “IK(f)|*” of the
non-ripple components of reverse characteristic “G(f)” (step
$107).

The control device 5a derives a setting value of the optical
filter on the basis of either of the non-ripple components
“K(f)” and the intensity “IK(f)|*" of the non-ripple compo-
nents. The control device 5a transmits the setting value of
the optical filter to the optical node 3a (step S108).

The optical node 3a sets the setting value of the optical
filter to the optical filter of the variable optical filter 31 (step
$109). The optical node 3a notifies the control device 5a that
setting of the optical filter is completed (step S110).

The control device 5a transmits an instruction (capture
instruction) for acquiring the training signal (reception sig-
nal) to the optical receiver 4a (step S111). The optical
receiver 4a acquires the training signal on the basis of the
instruction for acquiring the training signal (step S112). The
optical receiver 4a transmits information of the training
signal to the control device 5a (step S113).

The control device 5a derives ripple components “J(f)” of
the reverse characteristic “G(f).” The control device 5a may
derive the intensity “IJ(f)I*” of the ripple components of the
reverse characteristic “G(f)” (step S114). The control device
5a transmits an instruction for stopping transmission of the
training signal to the optical transmitter 2a (step S115).

The optical transmitter 2a stops transmission of the train-
ing signal on the basis of the instruction for stopping
transmission of the training signal (step S116). The optical
transmitter 2a notifies the control device 5a that transmis-
sion of the training signal is stopped (step S117). The control
device 5a transmits a setting value of the digital filter based
on the value of the ripple components “J(f)” (shape infor-
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mation of the digital filter) to the transmission signal pro-
cessing unit 20 such that the transmission signal processing
unit 20 provides the ripple components “J(f)” to transmis-
sion characteristics of the digital electrical signal (step
S118).

The optical transmitter 2a sets the setting value of the
digital filter to the digital filter of the transmission signal
processing unit 20 (step S119). The optical transmitter 2a
notifies the control device 5a that digital filter setting is
completed (step S120).

Accordingly, setting of the optical filter for compensating
for ripple components and setting of the digital filter for
compensating for non-ripple components are completed.

Next, transmission characteristic evaluation results will
be described.

FIG. 4 is a diagram showing an example of transmission
characteristic evaluation results in the first embodiment. The
horizontal axis represents an optical signal-to-noise ratio
(OSNR). The vertical axis represents a Q value depending
on a signal waveform.

Triangles shown in FIG. 4 represent Q values (actual
measurement values) with respect to optical signal-to-noise
ratios when the transmission signal processing unit 20
compensates for ripple components of transmission charac-
teristics and the variable optical filter 31 compensates for
non-ripple components of the transmission characteristics
for a 64QAM signal polarization-multiplexed at 92 GBd.

Circles shown in FIG. 4 as a comparison object represent
Q values (actual measurement values) with respect to optical
signal-to-noise ratios when the transmission signal process-
ing unit 20 compensates for the ripple components and the
non-ripple components of the transmission characteristics
for the 64QAM signal polarization-multiplexed at 92 GBd.

As shown in FIG. 4, it is possible to compensate for signal
waveform deterioration more efficiently in the case where
the transmission signal processing unit 20 compensates for
the ripple components of the transmission characteristics
and the variable optical filter 31 compensates for the non-
ripple components of the transmission characteristics rather
than the case where the transmission signal processing unit
20 compensates for the ripple components and the non-
ripple components of the transmission characteristics.

As described above, the optical transmitter 2a includes
the transmission signal processing unit 20 having the digital
filter. The digital filter compensates for at least the ripple
components of the transmission characteristics between the
ripple components which are micro-fluctuating components
of a frequency region representing the transmission charac-
teristics of signals in the optical transmitter 2a and the
optical receiver 4a and non-ripple components of the trans-
mission characteristics. The optical node 3a has the optical
filter. The optical filter compensates for the non-ripple
components of the transmission characteristics. Accord-
ingly, it is possible to reduce signal waveform deterioration.

Second Embodiment

The second embodiment differs from the first embodiment
in that a plurality of optical nodes share compensation of
non-ripple components of the reverse characteristic on the
basis of a predetermined sharing rate. In the second embodi-
ment, differences from the first embodiment will be mainly
described.

FIG. 5 is a diagram showing an example of a configura-
tion of an optical transmission system 14 in the second
embodiment. The optical transmission system 15 includes
an optical transmitter 2b, a transmission line 100, a plurality
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of optical nodes 3b, an optical receiver 4b, and a control
device 55 (control apparatus). The plurality of optical nodes
35 include, for example, an optical node 36-1 and an optical
node 3b-2.

The optical transmitter 25 includes a transmission signal
processing unit 20, a DA converter 21, an electric amplifier
22, and an optical modulator 23.

The optical node 35 includes an optical preamplifier 30,
a variable optical filter 31, and an optical post amplifier 32.

The optical receiver 45 includes a photodetector 41, an
AD converter 42, and a reception signal processing unit 43.

The optical modulator 23 transmits a wavelength-multi-
plexed optical signal to an optical preamplifier 30-1 via a
transmission line 100-1 having an optical fiber. An optical
post amplifier 32-1 transmits the wavelength-multiplexed
optical signal to the optical node 35-2 via a transmission line
100-2 having an optical fiber. An optical post amplifier 32-2
transmits the wavelength-multiplexed optical signal to the
optical receiver 45 via a transmission line 100-3 having an
optical fiber.

In FIG. 5, it is not necessary to compensate for all
non-ripple components using one optical node 3. A variable
optical filter 31-1 of the optical node 3b-1 compensates for
some of the non-ripple components of the reverse charac-
teristic at a predetermined sharing rate (for example, 1/2),
and a variable optical filter 31-2 of the optical node 356-2
compensates for non-ripple components remaining uncom-
pensated. The sharing rate is predetermined by the control
device 55, for example, according to predetermined condi-
tions.

At least one of the transmission signal processing unit 20
of the optical transmitter 25 and the reception signal pro-
cessing unit 43 of the optical receiver 456 may compensate
for non-ripple components remaining uncompensated by
both the optical node 354-1 and the optical node 35-2.

As described above, the plurality of optical nodes 34
compensate for non-ripple components of transmission char-
acteristics in a sharing manner on the basis of a sharing rate
of the amount of compensation of non-ripple components of
the transmission characteristics derived by, for example, the
control device 5b. Accordingly, it is possible to reduce signal
waveform deterioration.

Third Embodiment

The third embodiment differs from the second embodi-
ment in that the optical transmitter includes an optical
amplifier and the optical receiver includes an optical ampli-
fier. In the third embodiment, differences from the second
embodiment will be mainly described.

FIG. 6 is a diagram showing an example of a configura-
tion of an optical transmission system lc¢ in the third
embodiment. The optical transmission system 1c includes an
optical transmitter 2¢, a transmission line 100, a plurality of
optical nodes 3¢, an optical receiver 4¢, and a control device
5¢ (control apparatus). The plurality of optical nodes 3¢
include, for example, an optical node 3¢-1 and an optical
node 3c¢-2.

The optical transmitter 2¢ includes a transmission signal
processing unit 20, a DA converter 21, an electric amplifier
22, an optical modulator 23, and an optical amplifier 24. The
optical receiver 4a includes an optical amplifier 40, a
photodetector 41, an AD converter 42, and a reception signal
processing unit 43.

FIG. 7 is a diagram showing the intensity “IG(f)I*” of the
reverse characteristic of the transmission characteristic, the
intensity “IJ(f)I*” of ripple components of the reverse char-
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acteristic, and the intensity “IK(f)|*” of non-ripple compo-
nents of the reverse characteristic in the third embodiment.

The variable optical filter 31 of the optical node 3¢
compensates for non-ripple components of the transmission
characteristic by providing loss (non-ripple components of
the reverse characteristic) different depending on frequen-
cies to transmission characteristics of optical signals. There-
fore, as the amount of compensation by the variable optical
filter 31 increases, the power of an optical signal output from
the variable optical filter 31 decreases. That is, the power of
the output optical signal is more affected by signal waveform
deterioration caused by optical noise as the amount of
compensation by the variable optical filter 31 increases.

Accordingly, the plurality of optical nodes 3¢ compensate
for non-ripple components of the transmission characteristic
in a sharing manner on the basis of a sharing rate of the
amount of compensation of non-ripple components of the
transmission characteristic derived by the control device 5c.
For example, an optical node 3¢ having a margin in the
power of an optical signal output from the variable optical
filter 31 may compensate for many parts of the non-ripple
components. Further, an optical node 3¢ having no margin in
the power of the optical signal output from the variable
optical filter 31 may compensate for non-ripple components
remaining without being compensated for by other optical
nodes 3c. Accordingly, it is possible to compensate for
signal waveform deterioration according to transmission
characteristics of signals in the optical transmitter 2¢ and the
optical receiver 4c while minimizing transmission perfor-
mance deterioration.

FIG. 8 is a diagram showing the intensity “IK(f)*I*” of
non-ripple components of the reverse characteristic, the
permeation characteristic of the first variable optical filter,
and the permeation characteristic of the second variable
optical filter in the third embodiment. The optical filter of the
variable optical filter 31 compensates for non-ripple com-
ponents of the reverse characteristic. The variable optical
filter 31 provides a large loss to components of the center
(optical carrier frequency) of a frequency region of an
optical signal transmitting through the optical filter of the
variable optical filter 31. As the amount of compensation by
the variable optical filter 31 increases, a larger loss is
provided to the components of the center of the frequency
region of the optical signal, and the power of the optical
signal output from the variable optical filter 31 decreases.

“a[dB]” shown in FIG. 8 represents a loss of the optical
signal according to permeation characteristic corresponding
to the intensity “IK(f)*I” of non-ripple components of the
reverse characteristic. It is possible to realize the loss
“a(dB)” using a loss “b” of the optical signal according to
the permeation characteristic of the variable optical filter
31-1 and a loss “b,” of the optical signal according to the
permeation characteristic of the variable optical filter 31-2.
For example, the control device 5c¢ can set the setting value
“b” of the optical filter to the optical filter of the variable
optical filter 31-1 and set the setting value “b,” of the optical
filter to the optical filter of the variable optical filter 31-2
such that “a=b,+b,” is satisfied to realize the loss “a(dB)” of
the optical signal.

The power of the optical signal transmitted from the
optical node 3c-1 when the variable optical filter 31-1 has
compensated for deterioration is represented “c,-b,” [dBm].
The power of the optical signal transmitted from the optical
node 3c-2 when the variable optical filter 31-2 has compen-
sated for deterioration is represented “c,-b,” [dBm]. Here,
“C” represents the power [dBm] of the optical signal trans-
mitted from the optical node 3c-1 when the variable optical

20

25

30

35

40

45

50

55

60

65

10

filter 31-1 has not compensated for deterioration. “c,” rep-
resents the power [dBm] of the optical signal transmitted
from the optical node 3c-2 when the variable optical filter
31-2 has not compensated for deterioration.

The control device 5¢ derives loss “b,” and loss “b,”
which satisfy “a=b,+b,” and in which power “c,—b,” and
power “c,—b,” become equal. Accordingly, it is possible to
compensate for signal waveform deterioration according to
transmission characteristics of signals in the optical trans-
mitter 2¢ and the optical receiver 4c¢ while minimizing
transmission performance deterioration.

Loss “b,” of the optical signal is represented by formula

).

[Math. 2]

+ —
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Loss “b,” of the optical signal is represented by formula

(3).

(€)

Loss “b,” of an optical signal transmitted from an optical
node 3c-i in N optical nodes 3c is represented by formula

).

[Math. 4]
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Here, “c,” represents the power of an optical signal output
from a variable optical filter 31-i to an optical post amplifier
32-i of the optical node 3c-i.

The control device 5c¢ derives loss “b;” of the optical
signal. The permeation characteristic “L(f)” of the optical
filter of the variable optical filter 31-i is represented by
formula (5).

[Math. 5]

b ®
Li(H =K

The control device 5c¢ sets a setting value of the optical
filter corresponding to the permeation characteristic “L(f)”
to each variable optical filter 31.

As described above, the control device 5c¢ derives a
sharing rate for each optical node 3¢ on the basis of the
power of the optical signal output from the variable optical
filter 31 (optical filter) of each optical node 3c. Accordingly,
it is possible to reduce signal waveform deterioration.

Fourth Embodiment

The fourth embodiment differs from the third embodiment
in that the optical transmission system uses each variable
optical filter having loss “b,” of an optical signal according
to a permeation characteristic, which maximizes the optical
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signal-to-noise ratio (OSNR}) at the time of reception in the
optical receiver. In the fourth embodiment, differences from
the third embodiment will be mainly described.

The control device 5c¢ outputs a setting value (a sharing
rate of the amount of compensation of non-ripple compo-
nents of transmission characteristics) of an optical filter for
providing loss “b,” which maximizes the optical signal-to-
noise ratio in the optical receiver 4c to the optical signal to
a variable optical filter 31-i. When the optical transmission
system 1c includes N optical nodes 3c, the optical signal-
to-noise ratio (OSNR,) is represented by formula (6).

[Math. 6]

1 NExhAa ] ®)
OSNRy = | o + —22C 22
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Here, formula (7) is established with respect to “i>0.”

[Math. 7]

oSNR 1 AEIN Q)
"=\osNR Tk
10°©

“OSNR;” represents an optical signal-to-noise ratio of a
signal transmitted from an optical node 3c-i. “OSNR,”
represents an optical signal-to-noise ratio of an optical signal
transmitted from the optical transmitter 2¢. “NF,” represents
a noise index of the optical post amplifier 32. “h” represents
the Planck constant. “c” represents the velocity of light. “A”
represents the carrier wavelength of an optical signal. “AL”
is 0.1 [nm], for example. “c;” represents the power of an
optical signal output from the variable optical filter 31c-i to
the optical post amplifier 32-i of the optical node 3c-i.
Further, “b,” satisfies formula (8).

[Math. 8]
®)

Further, the control device 5c¢ sets the setting value of the
optical filter corresponding to “L,(f)”” shown in formula (5)
to each variable optical filter 31. Accordingly, it is possible
to compensate for signal waveform deterioration caused by
transmission characteristics of signals in the optical trans-
mitter 2¢ and the optical receiver 4c.

As described above, the control device 5c¢ derives a
sharing rate such that the optical signal-to-noise ratio at the
time of reception in the optical receiver 4c¢ is maximized.
Accordingly, it is possible to reduce signal waveform dete-
rioration. Although complicated operations and information
such as the noise index of the optical post amplifier 32 are
required, signal waveform deterioration is less than that in
the third embodiment.

Fifth Embodiment

The fifth embodiment differs from the first embodiment to
the fourth embodiment in that the optical transmitter
includes at least some of the functional units of the optical
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node. In the fifth embodiment, differences from the first
embodiment to the fourth embodiment will be mainly
described.

FIG. 9 is a diagram showing an example of a configura-
tion an optical transmission system 1d in the fifth embodi-
ment. The optical transmission system 1d includes an optical
transmitter 2d, a transmission line 100, and an optical
receiver 4d. The optical transmitter 24 includes a transmis-
sion signal processing unit 20, a DA converter 21, an electric
amplifier 22, an optical modulator 23, an optical amplifier 24
and an optical filter 25. In FIG. 9, since the optical trans-
mitter 2d includes the optical filter 25 having a permeation
characteristic (non-ripple components having a predeter-
mined reverse characteristic) of compensating for non-ripple
components having a predetermined transmission character-
istic, the optical transmission system 14 may not include a
control device.

The optical modulator 23 generates a wavelength-multi-
plexed optical signal by performing optical modulation
processing on an analog electrical signal. The optical modu-
lator 23 outputs the wavelength-multiplexed optical signal to
the optical filter 25. The optical signal output from the
optical modulator 23 does not include a large overshoot.
Therefore, the peak-to-average power ratio of the waveform
of the optical signal output from the optical modulator 23 is
low. The optical filter 25 executes processing for compen-
sating for non-ripple components of the transmission char-
acteristic on the wavelength-multiplexed optical signal. The
optical filter 25 outputs the optical signal in which the
non-ripple components of the transmission characteristic
have been compensated for to the optical amplifier 24.

When the transmission characteristic of signals in the
optical transmitter 2d is known in advance, the optical
transmitter 2d includes the optical filter 25 that compensates
for non-ripple components of the transmission characteristic
known in advance. That is, the optical transmitter 2d
includes the optical filter 25 designed on the basis of
predetermined non-ripple components “K(f).” The optical
transmitter 24 may include the optical filter 25 designed on
the basis of the intensity “IK(f)I*.”

Therefore, the setting value of the optical filter 25 may not
be set from the outside of the optical filter 25. The optical
filter 25 may be integrated using, for example, silicon
photonics such that it is integrated with the optical modu-
lator 23.

As described above, the optical transmitter 24 has the
optical filter 25 that compensates for the non-ripple compo-
nents of the transmission characteristic. Accordingly, it is
possible to reduce signal waveform deterioration.

Sixth Embodiment

The sixth embodiment differs from the fourth embodi-
ment in that ripple components “J(f)” and non-ripple com-
ponents “K(f)” are derived on the basis of the reverse
characteristic “G(f)” of the transmission characteristic. In
the sixth embodiment, differences from the fourth embodi-
ment will be mainly described.

The control device 5c¢ derives the ripple components
“J(fy” of the reverse characteristic and the non-ripple com-
ponents “K(f)” of the reverse characteristic on the basis of
the reverse characteristic “G(f)” of the transmission charac-
teristic. The non-ripple components “K(f)” correspond to a
result obtained by removing fine structure components (mi-
cro-fluctuating components) from the reverse characteristic
“G(f).” Therefore, it is possible to derive the non-ripple
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components “K(f)” according to convolution processing or
averaging processing using a window function.

The control device 5¢ derives the non-ripple components
“K(f)” as represented by formula (9).

[Math. 9]

. )
K() = f GUf - W

—co

Here, “W(f")” represents a window function. The area of
this window function is 1. As the window function, for
example, a moving average or the like is used.

The ripple components “J(f)” of the reverse characteristic
corresponds to a result obtained by removing the non-ripple
components “K(f)” of the reverse characteristic from the
reverse characteristic “G(f).” The control device 5¢ derives
ripple components “J(f)” of the reverse characteristic as
represented by formula (10).

[Math. 10]
G(f) (10)

J(f) = ——

02 0

As described above, the control device 5¢ derives the
non-ripple components of the reverse characteristic by per-
forming convolution processing or averaging processing on
the reverse characteristic of the transmission characteristic,
and controls the operation of the optical filter on the basis of
the non-ripple components of the reverse characteristic. The
control device 5c¢ derives the ripple components of the
reverse characteristic by removing the derived non-ripple
components of the reverse characteristic from the reverse
characteristic, and controls the operation of the digital filter
on the basis of the ripple components of the reverse char-
acteristic. Accordingly, it is possible to reduce signal wave-
form deterioration.

Seventh Embodiment

The seventh embodiment differs from the sixth embodi-
ment with respect to a method of deriving the ripple com-
ponents “J(f)”” and the non-ripple components “K(f).” In the
seventh embodiment, differences from the sixth embodiment
will be mainly described.

Hereinafter, symbols added above characters in formulas
are written immediately before the characters. For example,
symbol added above character “s” in formulas is written
immediately before character “s” like “—s.”.

A setting value depending on the non-ripple components
“K(f)” is set in the optical filter of the variable optical filter
31. In the seventh embodiment, a value representing a
permeation characteristic that does not include phase infor-
mation is used as a setting value of the optical filter. For
example, when only a setting value corresponding to a loss
at each frequency can be set in the variable optical filter 31,
a value representing transmittance at each frequency is used
as the setting value of the optical filter.

The control device 5¢ derives the intensity “IK(f)|*” of the
non-ripple components “K(f)” as represented by formula
(11) instead of deriving the non-ripple components.
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[Math. 11]
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The control device 5c¢ sets a setting value of the optical
filter corresponding to the intensity “IK(f)I*” of the non-
ripple components in the optical filter of the variable optical
filter 31. Accordingly, it is possible to compensate for signal
waveform deterioration caused by transmission characteris-
tics of signals in the optical transmitter 2¢ and the optical
receiver 4c.

In this state, the optical transmitter 2¢ transmits an optical
signal of a training signal sequence “—s” generated based
on the basis of a random sequence to the optical receiver 4¢
via the transmission line 100. The optical signal received by
the optical receiver 4¢ is a signal in which non-ripple
components of signals in the optical transmitter 2¢ and the
optical receiver 4c have been compensated for by the optical
filter of the variable optical filter 31. Therefore, the optical
signal received by the optical receiver 4c¢ is a signal which
has been affected only by ripple components of the reverse
characteristic.

The reception signal processing unit 43 of the optical
receiver 4c¢ derives the ripple components “J(f)” as repre-
sented formula (12) on the basis of the optical signal
received by the optical receiver 4c.

[Math. 12]

H=RS (12)

Further, formula (13) is established.

[Math, 13]
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Here, “h;” represents the tap coefficient of the digital filter
of the transmission signal processing unit 20. “M” repre-
sents the number of taps.

Further, formula (14) is established.

[Math. 14]

Kt (14)

T
LSSt - -+ Snanc1)

Here, “s,” represents n-th data in the transmitted training
signal sequence “—s.” “N” represents the number of pieces
of sample data used to derive a tap coefficient “—h”
represented in the time domain. “R” represents a matrix
composed of the received training signal (received signal).
“R™"” represents a pseudo-inverse matrix of the matrix “R.”

[Math. 15]
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Here, “r,” represents n-th data in the received training
signal sequence (received signal sequence) “r.”” “—h” rep-
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resents the tap coefficient represented in the time domain.
The reception signal processing unit 43 derives a tap coef-
ficient represented in the frequency domain by executing
Fourier transform on the tap coefficient “—h” represented in
a time domain. The tap coefficient represented in the fre-
quency domain corresponds to the ripple components “J(f).”

Instead of the reception signal processing unit 43 deriving
the tap coefficient, the control device 5¢ may derive the tap
coefficient. In this case, the control device S5c¢ acquires
information of the transmitted training signal sequence from
the optical transmitter 2¢. The control device 5c¢ acquires
information of the received training signal sequence from
the optical receiver 4¢. The control device 5¢ derives the tap
coefficient “—h” represented in the time domain on the basis
of the information of the training signal sequence acquired
from the optical transmitter 2¢ and the information of the
training signal sequence acquired from the optical receiver
4c.

As described above, the control device 5c¢ or the optical
transmitter 2¢ derives the ripple components of the reverse
characteristic by removing the derived non-ripple compo-
nents of the reverse characteristic from the reverse charac-
teristic, and controls the operation of the digital filter on the
basis of the ripple components of the reverse characteristic.
Accordingly, it is possible to reduce signal waveform dete-
rioration.

Eighth Embodiment

The eighth embodiment differs from the first to seventh
embodiments in that the intensity “IK(f)I*” of the non-ripple
components “K(f) of the reverse characteristic “G(f)” is
derived when the reverse characteristic “G(f)” of the trans-
mission characteristic is not known. In the eighth embodi-
ment, differences from the first to seventh embodiments will
be mainly described.

The transmission signal processing unit 20 performs
waveform shaping of a random sequence into a rectangular
spectrum using a raised-cosine filter (RCF). The random
sequence waveform-shaped into the rectangular spectrum is
used as a training signal in the optical receiver 4c.

The reception signal processing unit 43 executes discrete
Fourier transform on M consecutive samples in the received
training signal. That is, the reception signal processing unit
43 executes discrete Fourier transform on samples from
“Trp—typr 10 “Tipaiory. Accordingly, the reception signal
processing unit 43 derives a frequency spectrum “Q,(f)” of
the received training signal.

For example, the reception signal processing unit 43
executes discrete Fourier transform on samples from “r” to
“Tarar—1y. - Accordingly, the reception signal processing unit
43 derives a frequency spectrum “Q,(f)” of the received
training signal.

For example, the reception signal processing unit 43
executes discrete Fourier transform on samples
from “ri, " 0 “Tgiopr). Accordingly, the reception
signal processing unit 43 derives a frequency spectrum
“Q,(f)” of the received training signal.

The reception signal processing unit 43 derives the inten-
sity (power spectrum) “IQp(f)|*” of the frequency spectrum
“Q,(f)” of the training signal. The reception signal process-
ing unit 43 derives the intensity “IK(f)I*” of the non-ripple
components of the reverse characteristic “G(f)” of signals in
the optical transmitter 2¢ and the optical receiver 4¢ on the
basis of the intensity “IQp(f)|*” of the frequency spectrum.
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[Math. 16]

P (16)
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Here, “P” represents the number of samples of the fre-
quency spectrum “Q,(f)” used to derive the intensity “IK(f)
I*” of the non-ripple components. The intensity “IK(f)|*” of
the non-ripple components is composed of M pieces of data.
Each sample of the frequency spectrum “Q,(f)” corresponds
to the amount of loss at each frequency. Each sample of the
frequency spectrum “Q,(f)” is set in the variable optical
filter 31 as a setting value of the optical filter.

Reducing the number “M” of pieces of data constituting
the intensity “IK(f)I*” of the non-ripple components corre-
sponds to deriving the non-ripple components by stronger
smoothing processing. Accordingly, the reception signal
processing unit 43 may reduce the number “M” of pieces of
data in accordance with a decrease in the resolution of the
variable optical filter 31.

Instead of the reception signal processing unit 43 deriving
the intensity of the non-ripple components, the control
device 5¢ may derive the intensity of the non-ripple com-
ponents. The control device 5¢ derives the intensity “IK(f)|**
of the non-ripple components on the basis of information of
the training signal sequence acquired from the optical
receiver 4c. When the control device 5¢ derives the intensity
“IK(f)I*” of the non-ripple components, the control device
5¢ need not acquire the information of the training signal
sequence transmitted from the optical transmitter 2c.

As described above, the control device 5¢ or the optical
transmitter 2¢ derives the ripple components of the reverse
characteristic by removing the derived non-ripple compo-
nents of the reverse characteristic from the reverse charac-
teristic, and controls the operation of the digital filter on the
basis of the ripple components of the reverse characteristic.
Accordingly, it is possible to reduce signal waveform dete-
rioration.

Ninth Embodiment

The ninth embodiment differs from the first to eighth
embodiments in that optical nodes include a wavelength
selection switch (WSS) for executing at least one of wave-
length multiplexing and wavelength separation. In the ninth
embodiment, differences from the first to eighth embodi-
ments will be mainly described.

FIG. 10 is a diagram showing an example of a configu-
ration of an optical transmission system le according to the
ninth embodiment. The optical transmission system 1le
includes an optical transmitter 2e¢ for each wavelength
channel. The optical transmitter 2¢ for each wavelength
channel includes, for example, an optical transmitter 2e-1 to
an optical transmitter 2e-X.

The optical transmission system le further includes a
transmission line 100, a plurality of optical nodes 3e, a
plurality of optical receivers 4e, and a control device Se. The
plurality of optical nodes 3e include, for example, an optical
node 3e-1, an optical node 3e-2, an optical node 3e-3, and
an optical node 3e-4.

The optical transmission system le includes the plurality
of optical receivers 4e for each wavelength channel. The
optical receivers 4e for each wavelength channel include, for
example, an optical receiver 4e-1 to an optical receiver 4e-Y.
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The optical transmitter 2e includes a transmission signal
processing unit 20, a DA converter 21, an electric amplifier
22, an optical modulator 23, and an optical amplifier 24.

The optical nodes 3e include a wavelength selection
switch (WSS) for wavelength multiplexing or wavelength
separation. The optical nodes 3e may further include at least
one of an optical preamplifier 30 and an optical post ampli-
fier 32.

The optical node 3e-1 includes an optical post amplifier
32-1 and a wavelength selection switch 33-1. The wave-
length selection switch 33 is a wavelength selection switch
for wavelength multiplexing. Since the optical node 3e-1 is
an optical node for wavelength-multiplexing an optical
signal transmitted from the optical transmitter 2e, the optical
node 3e-1 may not include a wavelength selection switch for
wavelength separation.

The wavelength selection switch 33 includes a variable
optical filter. A wavelength selection switch 33 wavelength-
multiplexes optical signals transmitted from the respective
optical transmitters 2e from the optical transmitters 2e-1 to
the optical transmitter 2e-X using a variable optical filter.
The wavelength selection switch 33 outputs the wavelength-
multiplexed optical signals to a desired path using a variable
optical filter according to control of the control device Se. In
the optical node 3e-1, the wavelength selection switch 33-1
outputs a wavelength-multiplexed optical signal to the opti-
cal post-amplifier 32-1.

The optical node 3e-2 includes an optical pre-amplifier
30-2, an optical post amplifier 32-2, a wavelength selection
switch 33-2, and a wavelength selection switch 34-2. The
wavelength selection switch 34 is a wavelength selection
switch for wavelength separation. The wavelength selection
switch 34 includes a variable optical filter. The wavelength
selection switch 34 separates the wavelength of a wave-
length-multiplexed optical signal using a variable optical
filter. The wavelength selection switch 34 outputs the wave-
length-separated optical signal to a desired path using a
variable optical filter according to control of the control
device Se.

In the optical node 3e-2, the wavelength selection switch
34-2 outputs a wavelength-multiplexed optical signal to the
wavelength selection switch 33-2. The wavelength selection
switch 33-2 outputs the wavelength-multiplexed optical
signal to the optical post amplifier 32-2.

The optical node 3e-3 includes an optical pre-amplifier
30-3, an optical post amplifier 32-3, a wavelength selection
switch 33-3, and a wavelength selection switch 34-3. In the
optical node 3e-3, the wavelength selection switch 34-3
outputs a wavelength-multiplexed optical signal to the
wavelength selection switch 33-3. The wavelength selection
switch 33-3 outputs the wavelength-multiplexed optical
signal to the optical post amplifier 32-3.

The optical node 3e-4 includes an optical post amplifier
32-4 and a wavelength selection switch 33-4. Since the
optical node 3e-4 is an optical node for transmitting a
wavelength-separated optical signal to the optical receiver
4e, the optical node 3e-4 need not include a wavelength
selection switch for wavelength multiplexing. In the optical
node 3e-3, the wavelength selection switch 33-4 transmits
the wavelength-separated optical signal to the respective
optical receivers 4e from the optical receiver 4e-1 to the
optical receiver 4e-Y via a transmission line 100-2.

Accordingly, the non-ripple components of the transmis-
sion characteristics of signals in the optical transmitter 2e
and the optical receiver 4e are compensated for using the
variable optical filter of the wavelength selection switch.
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As described above, the optical nodes 3e include the
wavelength selection switch. The wavelength selection
switch compensates for at least some of the non-ripple
components of the transmission characteristic by performing
wavelength multiplexing or wavelength separation on opti-
cal signals.

Accordingly, it is possible to reduce signal waveform
deterioration. The optical transmission system le can com-
pensate for the non-ripple components without providing a
variable optical filter different from the wavelength selection
switch in the optical transmission system le. Therefore, it is
possible to curb an increase in the number and cost of the
functional units provided in the optical node 3.

FIG. 11 is a diagram showing an example of a hardware
configuration of the control device 5. Some of all of func-
tional units of the control device 5 are realized as software
by a processor 200, such as a central processing unit (CPU),
executing a program stored in a storage device 300 and a
memory 400 including a non-volatile recording medium
(non-transitory recording medium). The program may be
recorded on a computer-readable recording medium. The
computer-readable recording medium is a non-transitory
recording medium, for example, a portable medium such as
a flexible disk, an optical magnetic disk, a read only memory
(ROM) or a compact disc read only memory (CD-ROM), or
a storage device such as a hard disk built in computer
system. A communication unit 500 executes communication
processing.

Some or all of functional units of the control device 5 may
be realized using hardware including an electronic circuit (or
circuitry) using large scale integration (LSI) circuit, an
application specific integrated circuit (ASIC), a program-
mable logic device (PLD), a field programmable gate array
(FPGA), or the like.

Similarly, each functional unit of the optical transmitter
and the optical receiver in the optical transmission system
may be realized as software by a processor executing a
program. Further, each functional unit of the control device
of the optical transmission system may be realized using
hardware including an electronic circuit or the like.

Although the embodiments of the present invention have
been described in detail with reference to the drawings,
specific configurations are not limited to these embodiments,
and designs and the like within a range that does not
deviating from the gist of the present invention are also
included.

INDUSTRIAL APPLICABILITY

The present invention is applicable to optical transmission
systems.

REFERENCE SIGNS LIST

la, 15, 1¢ Optical transmission system
2a, 2b, 2¢, 2d, 2e Optical transmitter
3a, 3b, 3¢, 3e Optical node

4a, 4b, 4c, 4d, 4e Optical receiver

5, 5a, 5b, 5¢, 5¢ Control device

20 Transmission signal processing unit
21 DA converter

22 Electric amplifier

23 Optical modulator

24 Optical amplifier

25 Optical filter

30 Optical pre-amplifier

31 Variable optical filter
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32 Optical post amplifier

33 Wavelength selection switch
40 Optical amplifier

41 Photodetector

42 AD converter

43 Reception signal processing unit
100 Transmission line

200 Processor

300 Storage device

400 Memory

500 Communication unit

The invention claimed is:

1. An optical transmission system for transmitting a signal
from an optical transmitter to an optical receiver via at least
a transmission line among one or more optical nodes and the
transmission line, the optical transmission system compris-
ing:

a digital filter included in the optical transmitter that
compensates for, between ripple components that are
micro-fluctuating components in a frequency region
representing a transmission characteristic of the signal
in the optical transmitter and the optical receiver and
non-ripple components of the transmission character-
istic, at least the ripple components of the transmission
characteristic,

at least one of the optical node and the optical transmitter
includes an optical filter that compensates for the
non-ripple components of the transmission character-
istic,

a processor; and

a storage medium having computer program instructions
stored thereon, when executed by the processor, per-
form to control operation of the optical node and an
operation of the optical transmitter, wherein the plu-
rality of optical nodes compensate for the non-ripple
components of the transmission characteristic in a
sharing manner on the basis of a sharing rate of an
amount of compensation of the non-ripple components
of the transmission characteristic derived by the pro-
Cessor.

2. The optical transmission system according to claim 1,
wherein the computer program instructions further perform
to derive the sharing rate for each of the optical nodes on the
basis of power of the signal output from each optical filter.

3. The optical transmission system according to claim 2,
wherein the computer program instructions further perform
to derive the sharing rate such that an optical signal-to-noise
ratio at the time of reception in the optical receiver is
maximized.

4. The optical transmission system according to claim 1,
wherein the computer program instructions further perform
to derive non-ripple components of a reverse characteristic
of' the transmission characteristic by performing convolution
processing or averaging processing on the reverse charac-
teristic and controls an operation of the optical filter on the
basis of the non-ripple components of the reverse charac-
teristic, and derives ripple components of the reverse char-
acteristic by removing the derived non-ripple components of
the reverse characteristic from the reverse characteristic, and
controls an operation of the digital filter on the basis of the
ripple components of the reverse characteristic.

5. The optical transmission system according to claim 1,
wherein the optical transmitter transmits a training signal to
the optical receiver via the transmission line, and the com-
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puter program instructions further perform to derive a shape
of'the digital filter on the basis of the training signal received
by the optical receiver.

6. The optical transmission system according to claim 1,
wherein the optical nodes further include a wavelength
selection switch, and the wavelength selection switch com-
pensates for at least some of the non-ripple components of
the transmission characteristic by executing wavelength
multiplexing or wavelength separation on the signal.

7. A non-transitory computer-readable storage medium
storing a program for causing a computer to serve as the
optical transmission system according to claim 1.

8. A control device of an optical transmission system for
transmitting a signal from an optical transmitter to an optical
receiver via at least a transmission line among one or more
optical nodes and the transmission line, the control device
comprising:

a processor; and

a storage medium having computer program instructions

stored thereon, when executed by the processor, per-
form:
convolution processing or averaging processing on a
reverse characteristic of a transmission characteristic of
the signal in the optical transmitter and the optical
receiver to derive non-ripple components of the reverse
characteristic, controlling an operation of an optical
filter that compensates for non-ripple components of
the transmission characteristic on the basis of the
non-ripple components of the reverse characteristic,

deriving ripple components of the reverse characteristic
by removing the derived non-ripple components of the
reverse characteristic from the reverse characteristic,
and controlling an operation of a digital filter that
compensates for the ripple components of the trans-
mission characteristic on the basis of the ripple com-
ponents of the reverse characteristic.

9. An optical transmission method executed by an optical
transmission system for transmitting a signal from an optical
transmitter to an optical receiver via at least a transmission
line among one or more optical nodes and the transmission
line, the method comprising:

compensating for, by the optical transmitter, between

ripple components that are micro-fluctuating compo-
nents in a frequency region representing a transmission
characteristic of the signal in the optical transmitter and
the optical receiver and non-ripple components of the
transmission characteristic, at least the ripple compo-
nents of the transmission characteristic, using a digital
filter;

compensating for, by at least one of the optical node and

the optical transmitter, the non-ripple components of
the transmission characteristic using an optical filter;
and

controlling an operation of the optical node and an

operation of the optical transmitter, wherein the plu-
rality of optical nodes compensate for the non-ripple
components of the transmission characteristic in a
sharing manner on the basis of a sharing rate of an
amount of compensation of the non-ripple components
of the transmission characteristic.
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